Introduction
Beckwith-Wiedemann syndrome (BWS) is a stem cell overgrowth disorder with an estimated prevalence of 1 in 14,000 (1) . Its phenotypic expression includes omphalocele, organomegaly, adrenal cytomegaly, hemihyperplasia, and macrosomia, with considerable clinical heterogeneity (2) . It is also associated with an 800-fold increased risk of childhood neoplasms, including Wilms tumor, hepatoblastoma, pancreatic tumor, lymphoma, adrenocortical carcinoma, and optic nerve glioma (3) . Patients with BWS can develop multiple tumor types within the same organ simultaneously, an example including the cooccurrence of a mesenchymal hamartoma, capillary hemangioma hepatoblastoma, and cholangiocarcinoma within the liver of one patient (4, 5) . These events are suggestive of the multipotentiality of neoplastic transformation and imply dysfunctional processes as stem cells differentiate into mature adult cell types (6) . Yet mechanistic insight into downstream effector pathways that lead to transformation and an integrated analysis from mouse models to human disease for BWS remain ill defined.
The molecular etiology of this stem cell disorder is complex and involves alterations in the expression of multiple imprinted growth-regulatory genes on chromosome 11p15, especially IGF2 and H19, whose expressions are regulated by DNA methylation and the chromatin insulator CCCTC-binding factor (CTCF) (7) (8) (9) (10) . Loss of imprinting (LOI) of IGF2 leads to an expanded progenitorcell compartment and increases expression of progenitor-cell markers in colon cancer models (11, 12) . Similarly, LOI of IGF2 in BWS is specifically associated with cancer risk and leads to the expansion of nephrogenic progenitor cells in Wilms tumors (13) . CTCF is an 11 zinc-finger protein that binds more than 20,000
Beckwith-Wiedemann syndrome (BWS) is a human stem cell disorder, and individuals with this disease have a substantially increased risk (~800-fold) of developing tumors. Epigenetic silencing of β2-spectrin (β2SP, encoded by SPTBN1), a SMAD adaptor for TGF-β signaling, is causally associated with BWS; however, a role of TGF-β deficiency in BWS-associated neoplastic transformation is unexplored. Here, we have reported that double-heterozygous Sptbn1 +/-Smad3 +/-mice, which have defective TGF-β signaling, develop multiple tumors that are phenotypically similar to those of BWS patients. Moreover, tumorigenesis-associated genes IGF2 and telomerase reverse transcriptase (TERT) were overexpressed in fibroblasts from BWS patients and TGF-β-defective mice. We further determined that chromatin insulator CCCTC-binding factor (CTCF) is TGF-β inducible and facilitates TGF-β-mediated repression of TERT transcription via interactions with β2SP and SMAD3. This regulation was abrogated in TGF-β-defective mice and BWS, resulting in TERT overexpression. Imprinting of the IGF2/H19 locus and the CDKN1C/KCNQ1 locus on chromosome 11p15.5 is mediated by CTCF, and this regulation is lost in BWS, leading to aberrant overexpression of growth-promoting genes. Therefore, we propose that loss of CTCF-dependent imprinting of tumor-promoting genes, such as IGF2 and TERT, results from a defective TGF-β pathway and is responsible at least in part for BWS-associated tumorigenesis as well as sporadic human cancers that are frequently associated with SPTBN1 and SMAD3 mutations.
TGF-β/β2-spectrin/CTCF-regulated tumor suppression in human stem cell disorder Beckwith-Wiedemann syndrome vating stem cells may be independent of telomerase activity and remains unexplored in BWS (32) . As previously demonstrated, epigenetic silencing of β2SP, a SMAD3/4 scaffolding protein, could be a causal factor in BWS (33) . To determine whether this stem cell disorder is caused by a process dependent upon TGF-β or secondary to TGF-β-independent cytoskeletal effects of β2SP, we crossbred Sptbn1 +/-and Smad3 +/-mice to generate Sptbn1 +/-Smad3 +/-mutant mice, resulting in mice deficient in TGF-β signaling. Indeed, tumor incidence is synergistically increased in the double-heterozygous mutant Sptbn1
Smad3
+/-mice compared with the single-heterozygous mutant Sptbn1 +/-mice, indicating that a partial loss of 2 of the essential components of the TGF-β pathway exacerbates the BWS-like phenotype. Further, the RNA analyses identified an induction of Tert in Sptbn1 +/-Smad3 +/-mouse embryonic fibroblasts (MEFs), due likely to the disruption of the epigenetic regulatory system, particularly the chromosomal networking protein CTCF. This finding suggests that dysregulated telomerase expression may be part of the molecular basis of tumor development in BWS patients as well as in sporadic cancers. Thus, we show that the TGF-β-mediated β2SP/SMAD3/CTCF complex regulates telomerase activity and is part of a pathway suppressing the switch to tumorigenesis in BWSassociated cancers and, potentially, sporadic tumors.
Results

Sptbn1
+/-Smad3 +/-mice develop multiple tumors and phenocopy the features of BWS. As previously reported, β2SP heterozygous mutant mice (Sptbn1 +/-) phenocopy BWS, and epigenetic silencing of this gene may be a causal factor in BWS (33) . To determine whether defective TGF-β signaling is involved in this human stem cell syndrome, the tumor incidence in 3 different strains of TGF-β-deficient mice was measured. The double-heterozygous Sptbn1 +/-Smad3 +/-mice had a significantly higher tumor incidence of 80% compared with the single-heterozygous Sptbn1 +/-(40%) or Smad3 +/-(10%) mice ( Figure 1 , A-F, and Supplemental Tables 1  and 2 ; supplemental material available online with this article; doi:10.1172/JCI80937DS1). These observations indicate that a partial loss of both of these crucial components of the TGF-β pathway synergistically enhances tumorigenesis.
Sptbn1 homozygous mutant mice are embryonically lethal, and at E11.5, they display a number of abnormalities such as retarded growth, liver and gut hypoplasia, cardiac muscle hypertrophy, and aberrant neural defects (28) . Sptbn1 +/-Smad3 +/-heterozygous mutant mice develop multiple abnormalities characteristic of BWS, including macroglossia, hemihyperplasia, anterior linear ear lobe crease, frontal balding, cardiomegaly, and renal hypertrophy ( Figure 1G and Supplemental Figure 1 ). Additional hallmark features of BWS patients are cytomegaly of the fetal adrenal cortex and hyperplasia of the adrenal gland, and indeed, Sptbn1 +/-Smad3 +/-mice displayed conspicuous cytomegaly of the adrenal cortex ( Figure 1H ).
To examine the roles of SMAD3 and SPTBN1 in spontaneous tumorigenesis and to begin to elucidate their roles in BWSassociated tumorigenesis, a broad, unbiased analyses of cases reported in the Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov/) and the Catalogue of Somatic Mutations in Cancer (COSMIC; http://cancer.sanger.ac.uk/cosmic) database was sites in the human genome. Genome-wide assays have shown that CTCF links chromatin domains through long-range interactions between distal genomic regions and support a crucial role of CTCF in chromatin conformation and organization (14) . CTCF-mediated enhancer blocking is a constitutive action that can be modulated by DNA methylation and by additional cofactors that bind in the vicinity of CTCF-binding regions. On chromosome 11p15, methylation of CTCF-binding sites at the imprinting control region (ICR) of the IGF2/H19 locus on the parental allele results in loss of enhancer blocking and leads to inappropriate expression of imprinted genes in BWS (7) (8) (9) (10) . CTCF is directly involved in the transcriptional regulation of various key factors of cellular growth, apoptosis, quiescence, senescence, and differentiation, such as c-MYC, telomerase reverse transcriptase (TERT), the retinoblastoma (RB) family, cyclin-dependent kinase inhibitor 2A (CDKN2A), and TP53, suggesting its role as a tumor suppressor (15) . However, the specific role that CTCF plays in BWS remains unclear.
Chromosome 11p15 genes KCNQ1OT1 and CDKN1C are also implicated in BWS. Loss of maternal methylation of KCNQ1OT1 is observed in patients with BWS (16, 17) . CDKN1C (p57kip2) is a maternally expressed imprinted gene encoding a cyclindependent kinase inhibitor that regulates prenatal development and postnatal growth (18, 19) . CDKN1C mutations reported in BWS are either nonsense or missense mutations localized to the cyclin-dependent kinase-binding domain; both types of mutations result in the loss of protein function, increased proliferation, and an increased risk of developing cancer (20) . Although 40% of patients with inherited BWS bear mutations in CDKN1C, these are rare (~5%) in the general BWS patient population (21, 22) , suggesting other underlying mechanisms. Similarly, despite the suggested roles for IGF2 and other genes on chromosome 11p15 in BWS, they cannot serve as a single effector molecule; therefore, other mechanisms that coordinate epigenetic derepression of these imprinted genes must exist (10) .
TGF-β serves as an essential regulator of cell polarity, growth, differentiation, and lineage specificity as well as a tumor suppressor pathway in multiple cell types (23) . Defective TGF-β signaling is implicated in multiple cancers owing to the frequent somatic mutations in, or deregulation of, its components, such as SMAD3, SMAD4, and TGF-β receptors 1 and 2 (TGFBR1 and TGFBR2). SMADs are the intracellular mediators of TGF-β signaling (24, 25) , and their function is modulated by adaptor proteins, such as the SMAD anchor for receptor activation, filamin, microtubules, and β2-spectrin (β2SP, encoded by SPTBN1) (26) (27) (28) . TGF-β-activated SMADs also orchestrate specific histone modifications and chromatin remodeling to activate their transcriptional targets. Such examples include SMAD2-mediated p300 recruitment and acetylation of H3K9 and H3K18 at promoters for endogenous SMADtarget genes in a ligand-induced manner (29) . In addition, TGF-β1 has been demonstrated as inhibiting telomerase activity, and conversely, TGF-β1-induced arrest of cell growth can be overcome by the activation of human TERT, the protein catalytic subunit of telomerase (30) . Telomerase is important for the long-term proliferation potential of human stem cells and cancer cells and for normal tissue renewal (31) . While malignant transformation from normal cells often is associated with activation of telomerase and subsequent telomere maintenance, the function of TERT in acti- The RNA sequence analyses revealed that gene-expression profiles in these 3 BWS cell lines were different from that of a fibroblast cell line established from a person without BWS. The CDKN1C mutation resulted in the most striking alterations (Supplemental Figure 3A) . Twenty-four genes were identified as being commonly altered in the 3 BWS cell lines, and 2 of these genes, IGF2 and insulin, were markedly upregulated, supporting the important role of IGF2 as an effector in BWS ( Figure 2B and refs. 7-10 ). The commonly repressed genes included some that are related to the TGF-β pathway, such as integrin α2 and α3 (ITGA2 and 3), plasminogen activator (PLAT), neural precursor cell expressed developmentally downregulated 4-like-E3 ubiquitin protein ligase (NEDD4L), and TGF-β2 (TGFB2). A similar gene-expression profile of BWS-related genes was observed in Sptbn1 +/-Smad3 +/-MEFs, and these altered gene expressions included increased Igf2 and decreased H19. All 3 BWS cell lines expressed increased levels of stem cell genes, including SOX2, ALDH1A1, PDPN, and CD34 ( Figure 2B ).
IPA analysis of RNA sequencing data from the BWS cell lines generated a TGF-β1 downstream network (Supplemental Figure  3B ). We validated TGF-β target gene expression in CDKN1C + cells by quantitative PCR (Q-PCR) (Supplemental Figure 3C ). The majority of TGF-β1-related genes were downregulated in CDKN1C + BWS cells, and these cells displayed significant alterations in tumorigenesis-related signaling, whereas the KvDMR-BWS cells displayed genetic abnormalities associated with body size and embryonic cell proliferation (Supplemental Table 6 ).
Next, we performed whole-transcriptome sequencing of 2 spontaneously developing liver tumors from 2 individual Sptbn1
Smad3
+/-mice, normal liver tissue extracted from a Sptbn1
+/-mouse, and normal liver tissue extracted from a wild-type mouse. The gene-expression profiles of these 2 liver tumors share certain similarities with BWS gene profiles, including a 15-fold increase of Igf2 and a 7-fold decrease of H19 expression levels compared with the normal liver tissues, significantly decreased levels of Cdkn1c and Kcnq1ot1, and increased levels of several stem cellrelated genes ( Figure 2C ). These findings demonstrate that Sptbn1 +/-Smad3 +/-mice and BWS patients share several key commonalities in the disruption of genes regulated by TGF-β, suggesting potential mechanistic bases underlying their similar phenotypes.
β2SP interacts with SMAD3 in a TGF-β-dependent manner. Previous reports demonstrated that β2SP is an adaptor protein for SMAD3/SMAD4 activation in response to TGF-β stimulation (28), but precisely how β2SP interacts with SMADs in the TGF-β pathway has not been elucidated. To further investigate a detailed mechanism for TGF-β regulation of β2SP and SMAD3, we looked for physical interactions between β2SP and SMAD3. In HepG2 human liver cancer cells (with an intact TGF-β pathway), endogenous β2SP associated with SMAD3 after TGF-β1 treatment ( Figure 3A) . Moreover, in SNU398 cells, which express low levels of endogenous β2SP, ectopically expressed β2SP and SMAD3 interacted ( Figure 3B ). We also found, with the use of expression plasmids for the β2SP central domain and SMAD3 deletion proteins, that the β2SP central domain interacts with the SMAD3 MAD homology 2 (MH2) domain performed. These analyses confirmed that somatic mutations in SPTBN1 and SMAD3 occur in multiple human cancers, including many gastrointestinal cancers ( Figure 1I and Supplemental Table  3 ), which are similar to the malignancies developed in Sptbn1
+/-mice ( Figure 1I ). Importantly, in the TCGA database, utilized through the cBioPortal (http://www.cbioportal.org), mutations in Sptbn1 (β2SP) and Smad3 have a significant cooccurrence within the same tumors in cervical squamous cell carcinoma, kidney chromophobe, and nasopharyngeal carcinoma (Supplemental Table 4 and refs. 34, 35) .
Thus, Sptbn1 +/-Smad3 +/-mice represent what we believe to be a new genetic and mechanistic model for BWS, and disruption of the TGF-β pathway may be a novel mechanism linking this stem cell disorder to tumorigenesis ( Figure 1J) .
Disruption of the TGF-β pathway in Sptbn1
+/-Smad3 +/-mice and BWS cells. With this model for BWS, the mechanisms though which disruption of TGF-β signaling leads to BWS could be elucidated further. Whole-transcriptome sequencing analyses of MEFs isolated from these 3 TGF-β-deficient strains displayed altered expression patterns in molecular pathways when compared with MEFs from wild-type mice ( Figure 2A and Supplemental Table 5 ). The heat map demonstrates that Sptbn1 +/-Smad3 +/-MEFs display 2 distinct clusters of differentially regulated genes (clusters 1 and 3) as compared with Sptbn1 +/-or Smad3 +/-MEFs. As predicted, cluster 1 of repressed genes includes TGF-β/SMAD3-regulated genes Inhba, Pappa, Esr1, Chd5, Runx1, Runx3, and Ep300 ( Figure 2A ). Cluster 3 of upregulated genes encompasses kinases, cytokines, and growth factors implicated in tumorigenesis including Cdk2, Cdkn2d, Mapk11/13, Pik3ap1, Il12rb1, Csf1, Igf2r, and Tlr4 ( Figure  2A ). Sptbn1 +/-Smad3 +/-MEFs also express increased levels of stem cell-associated genes, including Pdpn, Epas1, Cxcl1, and aldehyde dehydrogenase 2 (Aldh2) (Figure 2A ). These data suggest that Sptbn1 +/-Smad3 +/-mice have a unique genetic profile that may facilitate their propensity to develop tumors.
To validate disruption of the TGF-β pathway in Sptbn1 +/-Smad3 +/-mice, MEFs from these mice as well as wild-type mice were treated with TGF-β1 to examine the gene expression of TGF-β targets. The mRNA expression levels of Inhba, Esr1, Runx2, and Pappa were induced by treatment with TGF-β1 in wild-type MEFs, but not in Sptbn1 +/-Smad3 +/-MEFs, demonstrating that double-heterozygote MEFs do not respond to TGF-β treatment (Supplemental Figure 2A) . Furthermore, the transcriptome data of 2 independent Smad3 -/-keratinocytes were downloaded from the Affymetrix mRNA microarray data via the NCBI's Gene Expression Omnibus (GEO GSE3228) (Supplemental Figure 2B and ref. 36) . When normalized with wild-type mouse keratinocytes, most of the TGF-β/SMAD3-regulated genes that were decreased, as presented in Figure 2A , were validated in these Smad3 -/-keratinocytes by Ingenuity Pathway Analysis (IPA) (Ingenuity Systems) (Supplemental Figure 2B) .
Next, we further characterized the molecular mechanisms relevant to the etiology of BWS and tumor development via wholetranscriptome sequencing of 3 different BWS fibroblastic cell lines established from patients ( Figure 2B ). The CDKN1C + cell line was established from a BWS patient with a CDKN1C mutation; the KvDMR + and KvDMR -cell lines were established from monozygotic twins of BWS patients who had loss of methylation jci.org Volume 126 Number 2 February 2016
( Figure 3C ). In addition, only TGF-β-induced, phosphorylated SMAD3, but not phosphorylated SMAD2, was observed to associate with β2SP in the nucleus ( Figure 3D and Supplemental Figure  4A ), suggesting that the β2SP/p-SMAD3 complex predominantly functions in the nucleus in response to TGF-β. β2SP knockdown via shRNA significantly inhibited SMAD3, but not SMAD2 nuclear translocation, supporting the role of the β2SP/p-SMAD3 complex in TGF-β-induced nuclear translocation of SMAD3 ( Figure 3E and refs. 28, 37) . Treatment with SB431542, a selective TGF-β inhibitor, completely blocked the interaction between β2SP and SMAD3 (Figure 3F ), furthering the hypothesis that β2SP interacts with SMAD3 in a TGF-β-dependent manner. KvDMR + BWS cells had reduced β2SP and limited TGF-β-stimulated SMAD3 nuclear translocation, but transient transfection of full-length β2SP plasmid rescued this defect (Supplemental Figure 4B) . These findings strongly suggest that β2SP is required for proper SMAD3 function in BWS cells and that β2SP cooperates with SMAD3 to transcriptionally regulate SMAD3 targets in the nucleus (Supplemental Figure 4C) .
TGF-β/SMAD3/β2SP upregulates CTCF posttranscriptionally. Multiple proteins have been implicated in BWS, including IGF2, CDKN1C, CTCF, and KCNQ1OT1. We performed a comprehensive expression analysis of these proteins in tissues from Sptbn1 mice compared with wild-type tissues. The results revealed markedly lower CTCF levels in all mutant mouse livers compared with the wild-type liver tissue (Figure 4A) . Western blot analysis confirmed the lower CTCF protein levels in mutant mouse livers, while Q-PCR revealed no change in mRNA levels ( Figure 4B ). Also, Sptbn1 +/-Smad3 +/-MEFs had lower levels of CTCF than wild-type MEFs ( Figure 4C) . Similarly, CTCF levels in the cell lines from BWS patients were significantly lower than in normal hepatocytes (Supplemental Figure 5A) . Importantly, TGF-β1 stimulation increased the levels of CTCF in HepG2 cells, but both basal and TGF-β1-induced expressions of CTCF were attenuated in HepG2 cells after knockdown with sh-β2SP ( Figure 4D ). Knockdown of β2SP or SMAD3 decreased CTCF protein stability ( Figure 4E and Supplemental Figure 5B ), and this downregulation of CTCF was inhibited by MG132, a 26S proteasome inhibitor ( Figure 4F and Supplemental Figure 5C ). Notably, CTCF mRNA levels were not affected by TGF-β1 treatment in MEFs or HepG2 cells, suggesting that TGF-β/SMAD3/ β2SP regulates CTCF levels posttranscriptionally (Supplemental Figure 5, D and E) . Moreover, overexpression of ectopic β2SP and SMAD3 significantly increased CTCF levels in HepG2 cells treated with TGF-β1, but not in cells treated with the TGF-β receptor 1 (TGFBR1) inhibitor SB431542 (Supplemental Figure 6A) . This difference suggests that β2SP/SMAD3 also increases CTCF protein levels in a TGF-β-dependent manner.
CTCF interacts with β2SP and SMAD3 in a TGF-β-dependent manner. Next, we examined the interaction of CTCF, β2SP, and SMAD3. We found that nuclear CTCF interacted with β2SP and SMAD3 in TGF-β1-treated cells ( Figure 5A ). We further found that binding of endogenous CTCF with SMAD3 was completely disrupted by treatment with SB431542 or by serum starvation ( Figure  5B ), indicating that the interaction between CTCF and SMAD3 is TGF-β dependent. CTCF interacted with the MH1 domain of SMAD3 (Supplemental Figure 6B) , and the interactions between ectopic β2SP and SMAD3 with CTCF were dramatically reduced with SB431542 treatment (Supplemental Figure 6C) . Immunofluorescent microscopy detected TGF-β-induced nuclear translocation of CTCF and β2SP in the HCC cell line SNU475 (Supplemental Figure 6D ). Taken together, these results support the concept that the formation of a β2SP/SMAD3/CTCF protein complex in the nucleus is TGF-β dependent ( Figure 5C) .
Dysfunction of the β2SP/SMAD3/CTCF complex increases TERT levels in BWS and in Sptbn1
+/-Smad3 +/-mice. CTCF is directly involved in the transcriptional regulation of various key factors that control cellular growth, apoptosis, quiescence, senescence, and differentiation, such as TERT, c-MYC, RB family proteins, CDKN2A, and p53 (15) . We observed a marked increase in TERT and c-MYC expression in kidney tumors from BWS patients (Supplemental Figure 7A ). Increased TERT expression was also frequently found in several different types of tissues from Sptbn1
Smad3
+/-mice, suggesting that the same genetic alteration occurs in both the BWS tumors and the murine TGF-β/SMAD3 disruption tumorigenesis model ( Figure 6A ). Increased Tert and Myc mRNA expression levels were confirmed in Sptbn1 +/-Smad3 +/-mouse liver tissues by Q-PCR analysis ( Figure 6B and Supplemental Figure  7B ). Overexpression of ectopic β2SP and SMAD3 significantly decreased TERT mRNA levels in SNU398 cells, which express low levels of endogenous β2SP. The TGFBR1 inhibitor SB431542 blocked this effect, suggesting that β2SP/SMAD3 decreases TERT mRNA levels in a TGF-β-dependent manner ( Figure 6C ). Moreover, unlike in wild-type MEFs and normal human fibroblasts, increased TERT mRNA expression was not reduced by TGF-β treatment in either Sptbn1 +/-Smad3 +/-MEFs or CDKN1C + BWS cells ( Figure 6D and Supplemental Figure 7C ).
β2SP/SMAD3/CTCF complex transcriptionally regulates TERT. Overexpression of β2SP, CTCF, or wild-type SMAD3, but not SMAD3 MH1 or MH2 fragments, decreased TERT transcriptional activity ( Figure 7A) . Knockdown of β2SP, SMAD3, or CTCF increased TERT mRNA expression levels and compromised in and is required for TGF-β-mediated TERT transcriptional regulation ( Figure 7 , B and C). Collectively, these results suggest that interactions and cooperation among SMAD3, β2SP, and CTCF are required for TERT transcriptional regulation. SMAD3 transcriptionally regulates its targets via the SMADbinding element (SBE) motif, 5′-GTCT-3′, or its complement, TGF-β-induced reduction of TERT expression ( Supplemental Figure 7D) . Importantly, we found that TGF-β/Smad3/β2SP-induced repression of TERT transcriptional activity was blocked by knockdown of SMAD3 or CTCF ( Figure 7B and Supplemental Figure  8, A and B) , suggesting that β2SP regulates TERT transcriptional activity through the SMAD3 pathway and that CTCF participates 
GTGC-GCCCCCGTTACT -278
) in wild-type MEFs ( Figure 7D and Supplemental Figure 9E ). Furthermore, this TGF-β1-mediated increase in CTCF binding on the TERT promoter was lower in both SNU398 and BWS hepatoblastoma cells compared with that in normal hepatocytes, suggesting that these CTCF-binding activities depend on the intact TGF-β/β2SP pathway (Supplemental Figure 9F ). Importantly, Smad3 and CTCF binding on the Tert promoter are completely lost in Sptbn1 -/-MEFs, suggesting that β2SP is necessary for TERT transcriptional regulation by a β2SP/ SMAD3/CTCF complex ( Figure 7D ).
CTCF is involved in multiple aspects of epigenetic regulation, including genomic imprinting in BWS (14) . ChIP assays revealed significantly decreased CTCF-binding activities on the Tert and Igf2 promoters in MEFs from Sptbn1 +/-Smad3 +/-mice as compared with wild-type MEFs ( Figure 7E) . Moreover, the inactive transcriptional methylation marker H3K27me3 was increased and the active marker H3K4me2 was decreased on the TERT Figure 10, A and B) .
In summary, these results support the notions that the β2SP/ SMAD3/CTCF complex is critical for regulation of TERT transcription and that a defective TGF-β pathway in human BWS derepresses TERT and potentially other tumor-promoting genes (e.g., IGF2) implicated in BWS-associated tumorigenesis ( Figure 7F) .
Dysfunction of the β2SP/SMAD3/CTCF complex increases stemlike properties and enhances tumorigenesis of tumor-initiating cell.
Whole-transcriptome RNA sequencing and Q-PCR analyses revealed that increased levels of stem cell-associated genes were observed in Sptbn1 +/-Smad3 +/-MEFs and 3 BWS cell lines compared with wild-type MEFs or a fibroblast cell line established from a non-BWS individual, respectively (Figure 2 , A and B, and Supplemental Figure 11 ). These stemness genes included ALB, KRT19, CD133, NANOG, OCT4, SOX2, EPCAM, and AFP (Supplemental Figure 11 ). To determine the roles of the TGF-β-mediated β2SP/SMAD3/CTCF complex in stem cell biological function, 5′-AGAC-3′ (38) . To further investigate the role of β2SP/SMAD3 in the regulation of TERT, 4 evolutionarily conserved SBE motifs within -1,000 base pairs of the promoter region of TERT or Tert were identified (Supplemental Figure 9A) . Through ChIP assays, significant enrichment of SMAD3 was found on 2 SBE motifs in the human TERT promoter, 
GTCTAGAC
-361 ( Figure  7D and Supplemental Figure 9B ). Furthermore, TGF-β1 treatment increased both β2SP and SMAD3 binding on the TERT promoter in normal hepatocytes, but not in the β2SP-negative BWS hepatoblastoma cells KvDMR + T (where T indicates hepatoblastoma) (Supplemental Figure 9C and ref. 33) . TGF-β1 treatment also increased β2SP-and SMAD3-binding activities on human and mouse PAI-1 promoters, suggesting that the β2SP/SMAD3 complex is also present on the SMAD-binding regions of this TGF-β-induced gene (Supplemental Figure 9D) .
We also identified several evolutionarily conserved CTCFbinding motifs (CCCTC) from 100 base pairs of exon 1 to -1,000 base pairs of the promoter region of TERT or Tert (Supplemental Figure 9A and refs. 39, 40) . TGF-β1 treatment dramatically However, Nanog transcriptional activity was not significantly suppressed by TGF-β stimulation, suggesting defective TGF-β signaling in TICs ( Figure 8F ). Finally, to test whether suppressed TGF-β/ SMAD3 signaling further induces oncogenesis, CD133 + and CD133 -TICs with or without SMAD3 knockdown were transplanted into NOG mice. Growth of the TIC-derived tumors was accelerated with SMAD3 knockdown, demonstrating that inhibition of TGF-β signaling enhances oncogenicity of TICs ( Figure 8G ).
Discussion
Several TGF-β signaling components are bona fide tumor suppressors with the ability to constrain cell growth and inhibit cancer development in its early stages. Inactivation of at least one of these components (such as the TGF-β receptors [TGFBR1, TGFBR2], SMAD2, or the common mediator SMAD4) occurs in almost all gastrointestinal tumors (42, 43) . For instance, TGF-BR2 is mutated in up to 30% of colon cancers, and TGFBR1 is mutated in 15% of biliary cancers (44) . SMAD4 is deleted in up to 60% of pancreatic cancers and is mutated in hereditary juvenile polyposis coli (45, 46) . Loss of β2SP, a SMAD3/4 adapeach of the 3 elements was stably knocked down in HepG2 cells via lentiviral vectors, thus creating individual cell lines. Compared with shRNA-control (shRNA-Ctrl) cells, knockdown of any element of the β2SP/SMAD3/CTCF complex resulted in an increase of ALDH + cell populations, a hallmark of stemness ( Figure 8A ). Importantly, ALDH1A1 expression also was increased in all 3 cell lines derived from BWS patients ( Figure 2B ). Further, knockdown of β2SP, SMAD3, or CTCF in HepG2 cells resulted in an increase in sphere formation, further supporting a role of these elements in regulating stemness ( Figure 8B) .
In previous studies on the effects of TGF-β signaling in tumor-initiating stem-like cells, knockdown of β2SP promoted CD133 + CD49
+ tumor-initiating cell (TIC) tumorigenesis in alcohol-fed HCV Ns5a Tg (NOG) mice, revealing that this complex is involved in some aspects of liver cancer stem cell biology (41) . Here, knockdown of β2SP increased proliferation of TICs (Figure 8 , C and D), and NANOG expression levels were significantly increased in CD133 + cells compared with shRNA-Ctrl ( Figure 8E ). Using luciferase reporter assays, a significantly higher level of Nanog transcriptional activity was detected in CD133 + cells than in CD133 -cells. The molecular etiology of BWS is complex and involves alterations in the expression of multiple imprinted growth-regulatory genes on chromosome 11p15, including the loss of H19, overexpression of IGF2, and dysfunction of CDKN1C and KCNQ1 (9, 17, 22) . The following transgenic mouse models are frequently used for studying mechanisms of BWS: transgenic chimeric mice with IGF2 overexpression (9), mice with H19 deletion (50), mice with deletion of the maternally inherited Igf2r, H19/Igf2r double-heterozygote mice (51, 52) , Kcnq1 mutant mice (53), mice with loss-of-function mutations in p57KIP2 (54) , and mice with deletions of the murine homolog of the glypican-3 gene (55). However, none of these murine models phenocopy all the common features of BWS, suggesting that they do not recapitulate some of the fundamental genetic and molecular deficiencies that result in this genetic syndrome.
Genome-wide analysis enables predictive modeling of genetic pathways driving many cancers, genetic diseases, and human syndromes. We performed whole-transcriptome sequencing for 3 BWS cell lines and 4 MEFs from TGF-β-deficient mice. We used IPA bioinformatic tools to investigate the roles of the TGF-β signaling pathway in BWS. Importantly, Sptbn1 +/-Smad3 +/-MEFs exhibited unique genetic alterations, suggesting that the disruptor protein, is observed in human hepatocellular cancers (33) and causes the spontaneous development of hepatocellular cancers in mice. However, the specific roles that TGF-β-activated β2SP/ SMAD3 plays in suppressing the development of human cancers are unclear. We found that double-heterozygous Sptbn1
Smad3
+/-mutant mice exhibit phenotypes that are similar to those of humans with BWS, including a markedly heightened tumor incidence. A key clinical feature of human BWS is adrenal cytomegaly. Adrenal cytomegaly is also observed in the Sptbn1
+/-mutants and implies dysfunctional homeostatic mechanisms as stem/progenitor cells divide, differentiate, and maintain expanding zones in the adrenal glands (47) (48) (49) . Our study points to β2SP as an essential scaffolding protein required for TGF-β signaling, including p-SMAD3 nuclear translocation and cooperation with the chromosome insulator CTCF to regulate oncogenic genes such as TERT. More importantly, we showed that CTCF is a TGF-β-dependent protein. Thus, in double-heterozygous Sptbn1
+/-mutant mice, partial loss of β2SP/SMAD3 disrupts TGF-β signaling, reduces CTCF expression, and leads to derepression of Tert, Myc, and IGF2. These results all lead to clinical characteristics of BWS and tumorigenesis (Figure 9 ). some common features of BWS embryonic tumors (hepatoblastomas and hepatocellular cancer are often considered indistinguishable in rodent livers). Our results from the whole-transcriptome sequencing analyses demonstrate the diversity of genetic alterations in BWS. The mice that developed tumors could have had disruptions of signaling pathways, chromosome instability, or increasing gene transcriptional regulation, eventually causing oncogene amplification or somatic mutations and the development of adulttion of the physical interaction between β2SP and SMAD3 and the consequent deregulation of the chromatin regulatory network is a molecular mechanism that contributes to phenotypes of BWS, particularly to tumor development. Interestingly, the tumors in human BWS are mostly embryonic, including nephroblastoma, hepatoblastoma, and pancreatoblastoma, whereas those in our murine model were mainly carcinomas or other adult neoplasms, even though they still appeared to have ) were cultured in DME medium, and mRNAs were extracted for wholetranscriptome RNA sequencing analyses. For transfection, HepG2 and SNU398 cells were transfected with MYC-β2SP-Mid and Flag-SMAD3 plasmids using Lipofectamine 2000 (Invitrogen). TGF-β1 (Sigma-Aldrich, T1654) was added to create a final concentration of 200 pM, and cultures were incubated for 60 minutes. SB431542 (S4317), MG132 (M7449), and cycloheximide (C7698) were purchased from Sigma-Aldrich. Lentiviral particles containing shRNA of β2SP (sc-36551), SMAD3 (sc-38376), CTCF (sc-35125), or control shRNA (sc-108080) were purchased from Santa Cruz Biotechnology Inc. and were used to infect HepG2 cells.
Generation of transgenic mice and tumorigenesis analysis. Sptbn1 -/-
and Sptbn1 +/-mutant mice were generated as previously described (28, 33 (Figure 9 ).
Our results are indicative of dysfunctional regulation of the Tert promoter by SMAD3, β2SP, and CTCF, leading to increased enzymatic telomerase activity in BWS tumors and in Sptbn1
Smad3
+/-mice. They also show that activation of the SMAD3/ β2SP/CTCF complex of the TERT promoter is dependent on the TGF-β signaling pathway. It is also possible that activation of the SMAD3/β2SP/CTCF complex on the TERT promoter region may cooperate with MYC activation because MYC also promotes TERT activity through the TERT promoter E-box region (Supplemental Figure 9A) . Thus, it is conceivable that biologically significant TERT and MYC repression occurs through β2SP interactions with SMAD3 and CTCF. MYC activation and telomerase dysfunction have been shown to play prominent roles in early hepatocellular carcinoma initiation (56 mic proteins were prepared (Supplemental Methods). The antibodies were used for immunoblotting and immunoprecipitation analyses (Supplemental Methods). For immunohistochemical analyses, mouse tissues were fixed in 10% formalin and embedded in paraffin in accordance with standard procedures. Sections were stained with CTCF (Cell Signaling Technology, 2899) and TERT (NOVUS, NB100-317) antibodies. Diaminobenzidine was used as a chromogen, and hematoxylin was used for counterstaining. Sections from a human BWS patient kidney tumor sample were prepared and processed for immunohistochemical analysis using TERT antibodies (NOVUS, NB100-317).
For ), BWS cells, and normal human hepatocytes (Liver Tissue Cell Distribution System, University of Pittsburgh, Pittsburgh, Pennsylvania, USA, and University of Minnesota, Minneapolis, Minnesota, USA) were washed, cross-linked with formaldehyde (1% final concentration), and sonicated on ice to fragment the chromatin into an average length of 500 bp to 1 kb. The lysates were diluted using chromatin dilution buffer. SMAD3 (9523, Cell Signaling), β2SP (customized antibody from bioSythesis), CTCF (2899, Cell Signaling), H3K27me3 (GAM-9205, QIAGEN), and H3K4me2 (GAM-3203, QIAGEN) antibodies were used to immunoprecipitate the respective antigens at 4°C overnight. For each ChIP assay, a fraction of the input chromatin (10%) was also processed for DNA purification; a mock immunoprecipitation with a neutral, unrelated IgG (2729, Cell Signaling) antiserum was carried out in parallel. With the DNA isolated at the end of the ChIP analysis, Q-PCR was performed using the TERT promoter-specific primers. The PCR primers for the ChIP assay are detailed in the Supplemental Methods.
Flow cytometry assays. CD133 + CD49f + TICs were separated from CD133 -CD49f + or CD133 -CD49f -cells by FACS from a CD45 -fraction of tumor tissue cell suspension from the animal models (41). HepG2-sh-Ctrl, HepG2-sh-β2SP, HepG2-sh-SMAD3, or HepG2-sh-CTCF cells were assessed for ALDH activity utilizing the Aldefluor Assay Kit (catalog 01700, StemCell Technologies Inc.) following the manufacturer's instructions. ALDH-positive cells were measured by FACScan flow cytometry. Spheroid formation assays. HepG2-sh-Ctrl, HepG2-sh-β2SP, HepG2-sh-SMAD3, or HepG2-sh-CTCF cells were cultured in serumfree DMEM/F12 medium with growth factors (10 ng/ml of EGF and FGF) for 6 days. 1 × 10 4 cells per well mixed with 2% Matrigel-containing media were plated on a Matrigel precoated chamber slide. The total of 30 Smad3 +/-mice were generated, and 3 of these spontaneously developed primary cancers by 12 months of age. HCV Ns5a Tg mice were provided by Ratna Ray (Saint Louis University, Saint Louis, Missouri, USA) (41) . The TICs maintained both the transformed phenotype in vitro after thawing and tumorigenecity in NOG mice after transplantation. These cells were infected with a lentiviral vector expressing a shRNA that targets SMAD3 (Open Biosystems). These cells were then assessed for NANOG expression and promoter activity by Q-PCR and transfection-reporter assay, respectively. We determined the cell proliferation rate as assessed by incorporation of 3H-uridine in 96-well plates. The TICs and control cells stably transduced with SMAD3 shRNA or scrambled shRNA were transplanted subcutaneously into NOG mice with the Matrigel beads (Invitrogen), and the tumor formation and growth were monitored every 2 weeks (41 
Sptbn1
-/-MEFs versus wild-type MEFs were generated. The representative gene expressions in cluster 1 and cluster 3 are shown (cutoff, P < 0.05). The candidate signatures identified were uploaded into IPA for pathway analysis. Ingenuity's knowledge base is a repository of molecular interactions, regulatory events, gene-to-phenotype associations, and chemical knowledge that provides the building blocks for pathway construction. Luciferase assays. For transcriptional reporter assays, HepG2-shCtrl or HepG2-sh-β2SP cells were seeded at a density of 1 × 10 4 cells per well in 24-well dishes. The next day, the cells were cotransfected with a luciferase reporter containing a TERT promoter region (-1,000 base pairs) and V5-β2SP wild-type and/or Flag-SMAD3 plasmids using Lipofectamine 2000. After 24 hours of transfection, the cells were treated with 200 pM TGF-β1 for 4 hours. In all transfections, the expression plasmid Renilla (Promega) served as an internal control to correct for transfection efficiency. The cells were extracted using 100 μl of luciferase cell culture lysis reagent. Ten microliters of cell extract were used for measuring Renilla enzyme activity. Twenty microliters of cell extract were used for the luciferase assay using a luciferase assay kit according to the manufacturer's instructions (Promega). After subtracting the background (no transfection control), the luciferase activity was normalized to Renilla activity (AU) for each sample, and fold changes were calculated. Immunoblotting, immunoprecipitation, and immunohistochemical and immunofluorescence analyses. HepG2, SNU398, or 293T cells were harvested, lysed with lysis buffer (50 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 1% NP-40, 1 mM EDTA), Complete Protease Inhibitor Cocktail (Roche Applied Science), 1 mM PMSF, 1 mM NaF, and 1 mM sodium orthovanadate, and sonicated. Nuclear and cytoplas-
